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(54) Method and system for wafer-level tuning of bulk acoustic wave resonators and filters 


(57) A method and system for tuning a bulk acoustic 
wave device at the wafer level by adjusting the thickness 
of the device. In particular, the thickness of the device 
has a non-uniformity profile across the device surface. 
A mask having a thickness non-uniformity profile based 
partly on the thickness non-uniformity profile of the de- 


vice surface is provided on the device surface for etch- 
ing. A dry etching method is used to remove part of the 
mask to expose the underlying device surface and fur- 
ther removed the exposed device surface until the thick- 
ness non-uniformity of the device surface falls within tol- 
erance of the device. 
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Description 

Field of the Invention 

[0001 ] The present invention relates generally to bulk 
acoustic wave resonators and filters and, more particu- 
larly, to the tuning of such resonators and filters. 


Background of the Invention 

[0002] It is known that a bulk acoustic-wave (BAW) 
device is, in general, comprised of a piezoelectric layer 
sandwiched between two electronically conductive lay- 
ers that serve as electrodes. When a radio frequency 
(RF) signal is applied across the device, it produces a 
mechanical wave in the piezoelectric layer. The funda- 
mental resonance occurs when the wavelength of the 
mechanical/acoustic wave (produced by the RF signal) 
is about twice the thickness of the piezoelectric layer. 
Although the resonant frequency of a BAW device also 
depends on other factors, the thickness of the piezoe- 
lectric layer is the predominant factor in determining the 
resonant frequency. As the thickness of the piezoelec- 
tric layer is reduced, the resonant frequency is in- 
creased. BAW devices have traditionally been fabricat- 
ed on sheets of quartz crystals. In general, it is difficult 
to achieve a device of high resonant frequency using 
this fabrication method. When fabricating BAW devices 
by depositing thin-film layers on passive substrate ma- 
terials, one can extend the resonant frequency to the 
0.5-10 GHz range. These types of BAW devices are 
commonly referred to as thin-film bulk acoustic resona- 
tors or FBARs. There are primarily two types of FBARs, 
namely, BAW resonators and stacked crystal fitters 
(SCFs). The difference between these two types of de- 
vices lies mainly in their structures. An SCF usually has 
two or more piezoelectric layers and three or more elec- 
trodes, with some electrodes being grounded. FBARs 
are usually used in combination to produce passband 
or stopband filters. The combination of one series FBAR 
and one parallel or shunt FBAR makes up one section 
of the so-called ladder filter. The description of ladder 
filters can be found, for example, in Ella (U.S. Patent 
No. 6,081,171). As disclosed in Ella, an FBAR-based 
device may have one or more protective layers com- 
monly referred to as the passivation layers. A typical 
FBAR-based device is shown in Figure 1 . As shown in 
Figure 1, the FBAR device 1 comprises a substrate 2, 
a bottom electrode 4, a piezoelectric layer 6, a top elec- 
trode 6 and a passivation layer 10. The FBAR device 1 
may additionally include an acoustic mirror layer 12, 
which is comprised of a layer 16 of high acoustic imped- 
ance sandwiched between two layers 14 and 18 of low 
acoustic impedance. The mirror usually, but not always, 
consists of pairs of high and low impedance layers (even 
number of layers). Some mirrors consist of two pairs of 
such layers arranged in a sequence like Si02, W, Si02, 
W. Instead of the mirror, an FBAR device may addition- 


ally include one or more membrane layers of Si02 and 
a sacrificial layer. The substrate 2 can be made from 
silicon (Si"), silicon dioxide (Si02 Galium Arsenide 
(GaAs), glass, or ceramic materials. The bottom elec- 
5 trode 4 and top electrode 8 can be made of gold (Au), 
molybdenum (Mo), tungsten (W), copper (Cu), nickei 
(Ni), Niobium (Nb), silver (Ag), tantalum (Ta), cobalt 
(Co), aluminum (Al), titanium (Ti) or other electrically 
conductive materials. The piezoelectric layer 6 can be 
10 made of zinc oxide (ZnO), zinc sulfide (2nS) f aluminum 
nitride (AIN), lithium tantalate (LiTa0 3 ) or other mem- 
bers of the so-called lead lanthanum zirconate titanate 
family. The passivation layer 10 can be made of a die- 
lectric material, such as Si02, Si3N4 and polyimide to 
15 serve as an electrical insulator and to protect the piezo- 
electric layer. The low acoustic impedance layers 14 and 
18 can be made of SI, Si02, poly-silicon, Al or a polymer. 
The high acoustic impedance layer 16 can be made 
from Au, Mo or W, and in some cases, dielectric such 
20 as aluminum nitride (AIN) to make a number of layer 
pairs. FBAR ladder filters are typically designed so that 
the series resonators yield a series resonance at a fre- 
quency that is approximately equal to, or near, the de- 
sired, or designed, center frequency of the respective 
25 filters. Similarly, the shunt, or parallel, resonators yield 
a parallel resonance at a frequency slightly offset from 
the series FBAR resonance. The series resonators are 
usually designed to have their maximum peak in trans- 
mission at the center frequency, so signals can be trans- 
30 mitted through the series resonators. In contrast, the 
shunt resonators are designed to have their minimum 
in transmission, so signals are not shorted to ground. 
FBARs yield parallel resonance and series resonance 
at frequencies that differ by an amount that is a function 
35 of a piezoelectric coefficient of the piezoelectric materi- 
als used to fabricate the devices, in addition to other fac- 
tors such as the types of layers and other materials em- 
ployed within in the device. In particular, FBAR ladder 
filters yield passbands having bandwidths that are a 
40 function of, for example, the types of materials used to 
form the piezoelectric layers of the resonators and the 
thickness of various layers in the device. 
[0003] The difference in the thickness in various lay- 
ers in the device can be achieved during the fabrication 
45 of the device. Presently, FBARs are fabricated on a 
glass substrate or a silicon wafer. The various layers in 
the FBAR-based device are sequentially formed by thin- 
film deposition. In an FBAR-based device, the resonant 
frequency of the device usually has to be controlled to 
50 within a 0.2-0.5% tolerance. This means that the thick- 
ness of each layer in the device must be controlled in 
the same way. It is known that, however, the deposition 
of thin-film layers is difficult to control to yield a thickness 
within such tolerance when the area of substrate or wa- 
55 fer is large. For that reason, manufacturers of FBAR- 
based devices use wafers of 4-inches or less in diameter 
for device fabrication. With a small wafer or substrate, 
certain thickness non-uniformity can be accepted with- 
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out losing many components due to the operation fre- 
quency being out of specification. However, fabricating 
devices on small wafers or substrates is less cost-effec- 
tive than doing the same on large substrates. In the case 
of using large substrates, the problem associated with 
thickness non- uniformity becomes acute. 
[0004] Thus, it is advantageous and desirable to pro- 
vide a method and system to solve the problem associ- 
ated with thickness non-uniformity in the fabrication of 
FBAR-based devices on large substrates or wafers. 

Summary of the Invention 

[0005] It is a primary object of the present invention 
to provide a method and system for achieving the de- 
sired resonant frequency of the device within a certain 
tolerance. This object can be achieved by correcting for 
the thickness non-uniformity of the devices fabricated 
on large substrates. The thickness variations can be 
corrected by selectively removing material from the sur- 
face area of a wafer (with one or more layers of the de- 
vice already deposited thereon), or die, before the wafer 
is cut into individual chips. In that context, the bulk 
acoustic wave device, as described herein, refers to the 
entire wafer or substrate that has one or more layers 
deposited thereon to form one or more individual chips, 
or part of such wafer or substrate. Moreover, the bulk 
acoustic wave devices referred to herein include bulk 
acoustic wave resonators, stacked crystal filters, any 
combination of the resonators and filters, and the struc- 
tural variations of the resonators and filters. Further- 
more, although one or more layers are already formed 
on the substrate, the device may or may not have all the 
necessary layers or the patterns of the layers, when the 
thickness of the device is adjusted. For example, the 
topmost layer on the substrate may be the piezoelectric 
layer, the top electrode or another layer. 
[0006] Thus, according to the first aspect of the 
present invention, a method of tuning a bulk acoustic 
wave device comprising a substrate and a plurality of 
acoustic wave generating and controlling layers formed 
on the substrate, wherein the device has a top surface 
layer made of a surface material and a surface layer 
thickness with a thickness non-uniformity profile across 
the top surface layer, and wherein the device has an op- 
erating frequency which varies partly with the surface 
layer thickness and the operating frequency can be ad- 
justed by adjusting the thickness of the top surface layer. 
The method comprises the steps of: 

providing, on top of the top surface layer, a mask 
made from a mask material having a further non- 
unlformrty profile partly based on the thickness non- 
uniformity of the top surface layer; 
providing an etching agent over the mask for remov- 
ing the mask material from at least one mask area 
to expose a corresponding surface area of the top 
surface layer to the etching agent; and 


removing part the of surface material from the top 
surface layer atthe exposed surface area until a de- 
sired thickness of the top surface layer is reached, 
while simultaneously removing the mask material 
5 to modify the exposed surface area. 

[0007] The top surface layer of the device can be any 
one of the acoustic wave generating and controlling lay- 
ers and one or more layers can be fabricated on top of 
10 the top surface afterthe desired thickness of the top sur- 
face layer is achieved. Thus, the top surface layer can 
be a top electrode layer, a piezoelectric layer or a pas- 
sivation layer. 

[0008] Preferably, the mask material is a photoresist 
is material, and the further non-uniformity of the mask is 
achieved by controlling the exposure depth of the pho- 
toresist material to a light beam, wherein the exposure 
depth varies based partly on the thickness non-uniform- 
ily of the top surface layer. 
20 [0009] It is possible to control the intensity profile of 
the light beam to achieve the controlled exposure depth. 
[0010] It is possible to introduce a pigment into the 
photoresist material to attenuate the light beam for con- 
trolling the exposure depth. 
25 [0011] It is possible that the mask material is a dielec- 
tric material, and the further non-uniformity of the mask 
is achieved by trimming the dielectric material in a laser 
ablation process. 

[0012] It is possible that the thickness non-uniformity 
30 of the top surface layer comprises a plurality of locations 
at which the top surface layer requires thickness adjust- 
ment, and the mask has a plurality of sections corre- 
sponding to the plurality of locations of the top surface 
layer, and wherein the mask material is selectively re- 
55 moved at the plurality of sections to provide the further 
non-uniformity profile of the mask. 
[0013] Preferably, the mask material is a dielectric 
material, and a laser beam is used to selectively remove 
the plurality of sections of the mask. 
40 [001 4] Preferably, the etching agent comprises an ion 
beam for use in an ion beam etching process. 
[001 5] It is possible that the etching agent comprises 
a reactive ion beam for use in a reactive ion etching 
process. 

45 [0016] It is also possible that the etching agent com- 
prises an ion beam and one or more chemical agents 
for use in a chemically assisted ion beam etching proc- 
ess. 

[0017] It is preferable to map the thickness of the de- 
50 vice to determine the thickness non-uniformity profile of 
the device surface prior to providing the mask on top of 
the top surface layer, wherein the mapping can bo car- 
ried out with a thickness profile measurement device or 
a resonant frequency measurement device. 
55 [0018] According to the second aspect of the inven- 
tion, a system for tuning a bulk acoustic wave device 
comprising a substrate and a plurality of acoustic wave 
generating and controlling layers formed on the sub- 
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strate, wherein the device has a top surface layer made 
of a surface material and a thickness with a thickness 
non-uniformity profile across the top surface layer, and 
wherein the bulk acoustic wave device has an operating 
frequency, which varies partly with a thickness of the top s 
surface layer, and the operating frequency can be ad- 
justed by adjusting the thickness of the top surface layer 
through a mask made of a mask material provided on 
top surface layer. The system comprises: 

10 

means, positioned above the device, for removing 
the mask material for providing a further non-uni- 
formity profile of the mask partly based on the thick- 
ness non-uniformity of the top surface layer; and 
means, positioned above the mask, forproviding an is 
etching agent over the mask for removing the mask 
material from at least one mask area to expose a 
corresponding surface area of the top surface layer 
to the etching agent, and for removing part of the 
surface material from the top surface layer at the 20 
exposed surface area until a desired thickness of 
the top surface layer is reached, while simultane- 
ously removing the mask material to modify the ex- 
posed surface area. 

25 

[0019] Preferably, the mask material is a photoresist 
material and the system further comprises a light source 
to expose the photoresist material, wherein the light 
source has a non-uniformity intensity profile to control 
the exposure depth of the photoresist material across 30 
the device surface. 

[0020J It is possible that the mask material is a dielec- 
tric material and the system further comprises a laser 
light source for trimming the dielectric material, and 
means for varying the light beam intensity across the 35 
device surface. 

[0021 ] It is also possible to move the laser light source 
in a lateral direction relative to the device surface to trim 
the dielectric material one spot at a time. 
[0022] it is also possible that the thickness non-uni- 40 
formity profile of the top surface layer comprises a plu- 
rality of locations at which the top surface layer requires 
thickness adjustment, and the mask comprises a plural- 
ity of sections corresponding to the plurality of locations, 
and the laser light source selectively removes the die- 45 
lectric material at the plurality of sections of the mask 
for providing the further non-uniformity profile. 
[0023] It is possible that the mask material is a dielec- 
tric material and the system further comprises a particle 
beam for removing the dielectric material according to so 
the non-uniformity profile of the mask. The particle beam 
can be an ion beam for use in an ion beam etching proc- 
ess, a reactive ion beam for use in a reactive ion beam 
etching process, an ion beam for use in a chemically 
assisted ion beam etching process, or a beam for use 55 
in a sputtering process. 

[0024] Preferably, the system also comprises a mech- 
anism of mapping the thickness non -uniformity profile 


of the device surface prior to adjusting the thickness. 
Preferably the mapping mechanism comprises a fre- 
quency measurement device for measuring the fre- 
quency at different locations of the device surface. It is 
also possible to use a thickness measurement device 
to determine the amount of material to be removed at 
different locations. 

[0025] The present invention will become apparent 
upon reading the description taken in conjunction with 
Figures 2 to 12. 

Brief Description of the Drawings 
[0026] 

Figure 1 is a cross sectional view of a typical bulk 
acoustic wave device illustrating a plurality of layers 
formed on a substrate. 

Figure 2 is a cross sectional view of a simplified bulk 
acoustic wave device illustrating the thickness non- 
uniformity of the top surface layer of the device. 
Figure 3 is a cross sectional view illustrating a pho- 
toresist layer provided on top of the top surface lay- 
er of the device. 

Figure 4 is diagrammatic representation illustrating 
a light source having a non-uniform intensity profile 
to expose the photoresist material. 
Figure 5 is a cross sectional view illustrating an 
etching mask having a thickness non-uniformity 
profile partly based on the thickness non-uniformity 
of the top surface layer of the device. 
Figure 6a is diagrammatic representation illustrat- 
ing part of the etching mask being removed by an 
etching agent in an etching process. 
Figure 6b is a diagrammatic representation illustrat- 
ing the exposed section of the top surface layer and 
the etching mask being further reduced in the etch- 
ing process. 

Figure 6c is a diagrammatic representation illustrat- 
ing a substantial portion of the top surface layer and 
most of the etching mask being removed in the etch- 
ing process. 

Figure 7 is a cross sectional view of the bulk acous- 
tic wave device showing the top surface layer after 
the etching mask is stripped. 
Figure 8a is a diagrammatic representation illustrat- 
ing a laser light source having a non-uniform inten- 
sity profile being used to reduce the top surface of 
a dielectric mask. 

Figure 8b is a diagrammatic representation illustrat- 
ing a laser light source and a scanning mechanism 
being used to reduce the top surface of a dielectric 
mask. 

Figure 8c is a cross sectional view illustrating a di- 
electric mask having a thickness non-uniformity 
profile partly based on the thickness non- uniformity 
of the top surface of the device. 
Figure 9a is a cross sectional view illustrating a la- 
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ser beam used to selectively remove a plurality of 
sections of the etching mask. 
Figure 9b is a cross section view illustrating part of 
the etching mask of Figure 9a being removed by an 
etching agent in an etching process. 
Figure 9c is a diagrammatic representation illustrat- 
ing the exposed section of the top surface layer and 
the etching mask of the Figure 9a being further re- 
duced in the etching process. 
Figure 1 0a is a diagrammatic representation illus- 
trating a system for mapping a bulk acoustic wave 
device by measuring the resonant frequency, ac- 
cording the present invention. 
Figure 1 0b is a diagrammatic representation illus- 
trating a system for mapping a bulk acoustic wave 
device by measuring the physical thickness of the 
device, according to the present invention. 
Figure 11 is a thickness chart illustrating the non- 
u niformity thickness profile of a wafer with a plurality 
of acoustic wave generator and control layers fab- 
ricated thereon. 

Figure 12 is a flow chart illustrating the steps fortun- 
ing a bulk acoustic wave device, according to the 
present invention. 

Detailed Description 

[0027] Figure 2 is a cross sectional view illustrating a 
bulk acoustic wave device 20 having a top surface layer 
30 and a plurality of mirror layers 24 formed on a sub- 
strate 22. Some of the mirror layers are patterned. The 
substrate 22 can be made of Si, GaAs, glass or other 
material. The top surface layer 30 may comprise a plu- 
rality of resonators having top and bottom electrodes, 
but it may represent a piezoelectric layer, a bottom elec- 
trode layer or a top electrode layer. When a bulk acoustic 
wave generating or controlling layer is formed on a wafer 
in a thin-film deposition process, the layer is usually 
thicker in the center portion than the edge portion (Fig- 
ure 11). The thickness non -uniformity of the top surface 
layer 30 may exceed the tolerance allowed for the 
spread in the resonant frequency of the device 20. Thus, 
it is desirable to remove part of the top surface layer 30 
so that the non-uniformity profile of the reduced surface 
fails within the tolerance. To Illustrate the problem asso- 
ciated with the thickness non- uniformity profile of the top 
surface layer, a plurality of resonators 31-36 with dif- 
ferent thicknesses are shown in Figure 2. The thickness 
non-uniformity profile of the top surface layer 30, how- 
ever, can be reduced by reducing the thickness of some 
of the resonators so that the frequency of each resona- 
tor falls within the tolerance. 

[0028] In order to reduce the thickness non-uniformity 
of the top surface layer 30 of the device 20, a non-uni- 
form etching mask will be provided on top of the top layer 
30 for etching. Figures 2 -5 show the process of prepar- 
ing such a non-uniform etching mask. Preferably, a pho- 
toresist layer 40 is provided on the top surface layer 30 


of the device 20. A light source 100 is used to expose 
the photoresist layer 40 in order to reduce the thickness 
of the photoresist layer 40 in a controlled manner to pro- 
duce an etching mask 44, as shown in Figure 5. As 

5 shown in Figure 5, the etching mask 44 has a non-uni- 
formity profile partly in complement to the thickness non- 
uniformity of the top surface layer 30. If it is desirable to 
reduce the thickness of the top surface layer 30 more in 
the middle portion thereof than the edge portion, it is 

10 possible to produce an etching mask that is thinner in 
the middle portion than the edge portion (see Figure 5). 
Accordingly, the exposure depth of the photoresist layer 
40 should be made greater in the middle portion than 
the edge portion. One way to achieve this exposure 

* 5 depth difference is to give the middle portion of the pho- 
toresist layer 40 a stronger exposure dose than the edge 
portion using a non-uniform light beam 102, as shown 
In Figure 4. The exposed portion of the photoresist layer 
40 is denoted by reference numeral 42. As shown, the 

2° light beam 102 has a non-uniform intensity profile. It is 
possible to use a beam forming device (not shown) or 
a non-uniform optical filter (not shown) to achieve the 
non-uniform light beam 102. After the exposed photore- 
sist layer 40 is developed and washed, a non-uniform 

25 etching mask 44 is obtained, as shown in Figure 5. 
[0029] Together with the etching mask 44, the device 
20 is placed under an etching apparatus 1 50 for etching, 
as shown in Figure 6a. For example, if the etching ap- 
paratus 150 is used for ion-beam etching (IBE), then the 

30 etching agent is an ion beam denoted by reference nu- 
meral 152. Likewise, a reactive ion beam can be used 
in a reactive ion etching (RIE) process, and an ionized 
argon gas and chlorine can be used in a chemically-as- 
sisted, ion-beaming etching (CAME) process. The 

35 beam 152 can be uniform or non-uniform. As the beam 
152 encounters a surface, it removes part of it. Thus, 
part of the etching mask 44 is etched away to become 
a cleared section 50, exposing part of the top surface 
layer 30 to the beam 152. As shown in Figure 6b, the 

40 resonators 33 and 34 are now exposed to the beam 1 52. 
As the exposed section of the top surface layer 30 and 
the remaining portion 44'of the etching mask 44 are sub- 
ject to further etching, the thickness of the resonators 
33 and 34 is reduced and the cleared section 50 of the 

45 etching mask widened. As shown in Figure 6c, when the 
remaining mask portion 44' is further reduced to become 
a thinner portion 44" having a cleared section 50', the 
thickness non-uniformity of the reduced top surface lay- 
er 30' falls within the tolerance. Accordingly, it may not 

50 be necessary to remove the reduced top surface layer 
30' further. As shown in Figure 6c, although the thick- 
ness of the resonators 31 - 36 may not be the same, the 
spread in the resonant frequency of the device falls with- 
in the specification. Thus, when the desired uniformity 

ss is reached, the remaining part 44" of the etching mask 
is stripped. The resulting top surface layer 30' Is shown 
in Figure 7. 

[0030] In the process, as described in conjunction 
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with Figures 3 to 6c. an etching mask made of a pho- 
toresist material is used. It is possible to use a dielectric 
material for the etching mask. For example, a dielectric 
layer 60 is provided on top of the top surface layer 30, 
as shown in Figure 8a. The dielectric layer 60 can be 5 
trimmed or reduced by a laser beam in a laser ablation 
process. As shown, a laser 1 10 is used to provide a laser 
beam to a beam-forming device 112 so that the output 
beam 114 is non-uniform. Alternatively, a narrower laser 
beam 1 15 is used to trim the dielectric layer 60 one spot w 
at a time and a scanning mechanism 140 is used to 
move the laser beam 115 in a lateral direction to other 
locations, as denoted by arrow 117. The goal is to pro- 
duce a non-uniform etching mask 64, as shown in Figure 
8c. The top surface layer 30, along with the etching is 
mask 64, is subject to etching, similar to the process 
steps illustrated in Figures 6a - 6c. It should be noted 
that it is also possible to use other method to produce a 
non-uniform etching mask for selectively removing part 
of the top surface layer 30. For example, an ion beam 20 
can be used to reduce the thickness of a dielectric layer 
one spot at a time to produce a non-uniform etching 
mask, similar to the etching mask 64 as shown in Figure 
8c. It is also possible to use a laser beam 1 1 5, as shown 
in Figure 9a, to selectively remove the etching mask 66 25 
at a plurality of sections 72-75, one section at a time. 
The plurality of sections 72-75 are corresponding to the 
locations 32-35 of the top surface layer 30 where the top 
surface layer requires thickness adjustment. As shown 
in Figure 9a, the depth of the sections 72-74 may not be 30 
the same. The depth varies with the thickness adjust- 
ment required at locations 32-35. Thus, it can be said 
that the thickness non-uniformity profile of the etching 
mask 66 is based on the thickness non-uniformity profile 
of the top surface layer 30 of the device 20. 35 
[0031 ] Together with the etching mask 66, the device 
20 is placed under an etching apparatus 150 having an 
etching beam 152 for etching, as shown in Figure 9b. 
As the beam 152 encounters the etching mask 66, it re- 
moves part of it. As shown in Figure 9c, the remaining 40 
portion 66* of the mask has a cleared section 52, expos- 
ing the resonators 33 and 34 to the beam 152. The re- 
moved sections 72-75 of the mask 60 are also reduced 
to sections 72'-75' by the etching beam 152. The proc- 
ess continues until a desired thickness uniformity of the 45 
top surface layer 30 is reached. 
[0032] Prior to producing an etching mask 44, 64 or 
66 on the top surface layer 30, as shown in Figures 5a, 
8c and 9a, it is preferred that the thickness non-uniform- 
ity of the top su rf ace layer 30 be mapped. It is preferable so 
to use a frequency measurement apparatus 170 to per- 
form localized measurement of the resonant frequency 
of the device 20, as shown in Figure 1 0a. It may be nec- 
essary to measure the resonant frequency of the indi- 
vidual resonators 31-36 of the device 20. It should be 55 
noted that, in order to measure the resonant frequency 
of those components, it is necessary to form and pattern 
the top electrode layer on the wafer. Based on the fre- 


quency profile 1 90, it is possible to calculate the amount 
of material to be removed from the top surface layer 30. 
As shown in Figure 1 0a, the profile mapping system 170 
comprises a frequency measurement apparatus 172, 
and a moving mechanism 1 80 for moving the frequency 
measurement apparatus 172 relative to the device 20 
for obtaining the frequency profile 190 of the device 20. 
From the frequency profile 190 it is possible to obtain 
the thickness non-uniformity profile 192 (Figure 11). 
[0033] Figure 1 0b is a diagrammatic representation il- 
lustrating a system 171 for mapping a bulk acoustic 
wave device by measuring the physical thickness of the 
device. Instead of a frequency measurement apparatus 
172, a thickness measurement apparatus 174 is used 
to measure the thickness of the device 20 directly. 
[0034] Figure 11 is a thickness chart illustrating the 
non-uniformity thickness profile of a wafer with a plural- 
ity of acoustic wave generating and controlling layers 
fabricated thereon. In particular, Figure 11 shows the 
non-uniformity profile of a piezoelectric (ZnO) layer ex- 
pressed in terms of nanometers. If the average thick- 
ness is used as a reference, then the thickness variation 
across the layer is about ±23%. With such a large vari- 
ation in thickness, the frequency variation across the 
wafer is usually not acceptable. Thus, the device must 
be tuned by adjusting the thickness of the device. 
[0035] Figure 1 2 is a flow chart illustrating the process 
200 for tuning a bulk acoustic wave device, according 
to the present invention. As shown, at step 202, a fre- 
quency measurement apparatus (Figure 10a) or a thick- 
ness measurement apparatus (Figure 10b) is used to 
map the surface of the device 20. A thickness non-uni- 
formity profile 192 is thus obtained. If the surface thick- 
ness falls within the tolerance, as determined at step 
204, then new layers may be added on top of the 
mapped surface. Otherwise, an etching mask 44, 64 or 
66 is provided over the device 20 (Figures 5, 8c and 9a) 
at step 206. An ion beam 152 (Figures 6a-6c, 9b and 
9c) is applied over the etching mask 44, 64 or 66 to re- 
move part of the etching mask and the top surface layer 
30 (Figures 6a-6c, 9b and 9c) at step 208. After the thick- 
ness of the top surface layer 30 is adjusted, it is deter- 
mined, at step 21 0, whether the thickness non-uniform- 
ity of the top surface layer 30 falls within the tolerance. 
If It is no longer necessary to remove more material from 
the top surface layer 30, the etching mask Is removed 
at step 21 1 . At step 212, it is determined whether more 
layers need to be fabricated to complete the device. Af- 
ter one or more new layers are added, at step 214, on 
top of the adjusted surface layer, the surface profile of 
the device is again mapped, at step 202, to determine 
whether the device is made according to the specifica- 
tion. 

[0036] In summary, the present invention discloses a 
method and system for tuning the bulk acoustic wave 
device at a wafer, or die, level. The method and system, 
as disclosed, is particularly useful when the surface area 
of the wafer is sufficiently large such that the deposition 
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of thin-film cannot achieve acceptable thickness uni- 
formity. Trimming the frequency across the wafer by ad- 
justing the thickness at localized areas of the wafer sur- 
face can increase the yield of the FBAR manufactory 
process. The thickness adjustment process can be sep- 5 
aratety and sequentially carried out to adjust at one or 
more layers of the FBAR-based device. If the material 
of the surface layer is partially removed to trim the fre- 
quency, it is preferred to use a dry etching process, such 
as I BE or RIBE, to trim the surface. However, other sur- 10 
face removal processes, such as sputtering, can be 
used to achieve the same objective. It is known in the 
art that the fabrication of the top and bottom electrode 
layers, in general, involves one or more additional steps 
to make a pattern out of each of the electrode layers, ft 
is preferred that the patterning steps are carried out after 
the thickness of the respective electrode layer Is adjust- 
ed. However, it Is also possible to carry out the pattern- 
ing steps prior to the thickness adjustment. 
[0037] As described in conjunction with Figures 3-5, 20 
a photoresist layer 40 is exposed to a light beam 1 02 
having a non-uniform intensity profile to produce an 
etching mask 44. The exposure depth in the photoresist 
layer 40 at different locations must bo controlled to pro- 
duce an etching mask with a thickness non-uniformity 25 
profile. It is possible to introduce an appropriate amount 
of pigment in the photoresist material to attenuate the 
light beam 102, thereby controlling the penetration 
depth of the light beam 102 at different locations. In the 
photoresist layer 40, the sufficiently exposed portion 42 30 
is removed after the photoresist layer 40 is developed 
and washed. The added pigment can prevent the lower 
section of the photoresist from being sufficiently ex- 
posed. 

[0038] It is known in the art that the fabrication of the 35 
top and bottom electrode layers, in general, involves 
one or more additional steps to make a pattern out of 
each of the electrode layers. It is preferred that the pat- 
terning steps are carried out before the thickness of the 
respective electrode layer is adjusted. However, it is al- *o 
so possible to carry out the patterning steps after the 
thickness adjustment. 

[0039] It should be noted that the bulk acoustic wave 
devices, according to the present invention, include in- 
dividual resonators, stacked crystal filters, ladder filters 45 
and the combinations thereof. However, there are other 
filter types in addition to the ladder structure that can be 
constructed from FBARs. All of them include some res- 
onators, which have to be tuned, but they cannot be 
called parallel or shunt resonators in all cases. The bal- so 
anced filter is an example of such a filter type. 
[0040] Furthermore, the thickness non-uniformity, as 
described hereinabove, is related to the frequency non- 
uniformity of the BAW devices on the wafer. The pur- 
pose of trimming the surface layer is to reduce the f re- 55 
quency non-uniformity of the devices. Thus, trimming 
the surface layer does not necessarily make the topmost 
layer perfectly even. In other words, even if the topmost 


layer has a very uniform thickness, it might be necessary 
to trim it to correct for the non-uniformity of one or more 
of the underlying layers. For example, if the topmost lay- 
er is a top electrode layer overlying a piezoelectric layer 
which is not uniform, the purpose of trimming the top 
electrode layer is for reducing the frequency non-uni- 
formity of the devices due to the thickness non-uniform- 
ity of the piezoelectric layer - even if the top electrode 
layer itself is uniform. The object of the present invention 
is to achieve the desired uniformity of the final frequency 
of the devices. Therefore, the surface layer can be a sin- 
gle layer, such as the top, bottom or piezoelectric layer, 
but the surface layer can also be a combination of lay- 
ers, such as the combination of the top electrode layer 
and the piezoelectric layer. 

[0041] Thus, although the invention has been de- 
scribed with respect to a preferred embodiment thereof, 
it will be understood by those skilled In the art that the 
foregoing and various other changes, omissions and de- 
viations in the form and detail thereof may be made with- 
out departing from the spirit and scope of this invention. 
[0042] A method and system fortuning a bulk acoustic 
wave device at the wafer level by adjusting the thickness 
of the device. In particular, the thickness of the device 
has a non-uniformity profile across the device surface. 
A mask having a thickness no n -uniformity profile based 
partly on the thickness non-uniformity profile of the de- 
vice surface is provided on the device surface for etch- 
ing. A dry etching method is used to remove part of the 
mask to expose the underlying device surface and fur- 
ther removedthe exposed device surface until the thick- 
ness non-uniformity of the device surface falls within tol- 
erance of the device. 


Claims 

1. A method of tuning a bulk acoustic wave device 
comprising a substrate and a plurality of acoustic 
wave generating and controlling layers formed on 
the substrate, wherein the device has a top surface 
layer made of a surface material and a thickness 
with a thickness non-uniformity profile across the 
top surface layer, and wherein the device has an 
operating frequency which varies partly with the 
thickness of the top surface layer, and the operating 
frequency can be adjusted by adjusting the thick- 
ness of the top surface layer, said method compris- 
ing the steps of: 

providing, on top of the top surface layer, a 
mask made of a mask material having a further 
non-uniformity profile partly based on the thick- 
ness non-uniformity profile of the top surface 
layer; 

providing an etching agent over the mask for 
removing the mask material from at least one 
mask area to expose a corresponding surface 


7 


< 1C1VW1 * «■> t „ 


13 


EP 1 258 990 A2 


14 


area of the top surface layer to the etching 
agent; and 

removing part of surface material from the top 
surface layer at the exposed surface area until 
a desired thickness of the top surface layer is 5 
reached, while simultaneously removing the 
mask material to modify the exposed surface 
area. 


15. The method of claim 13, wherein the mapping step 
is carried out by measuring the resonant frequency 
of the device across the device surface. 

16. The method of claim 13, wherein the mapping step 
is carried out by measuring the thickness of one of 
the acoustic wave generating and controlling lay- 
ers. 


2. The method of claim 1 , wherein the etching agent 10 
comprises an ion beam for use in an ion beam etch- 
ing process to remove the mask material and the 
surface material. 

3. The method of claim 1 , wherein the etching agent is 
comprises a reactive ion beam for use in a reactive 

Ion etching process to remove the mask material 
and the surface material. 

4. The method of claim 1 , wherein the etching agent 20 
comprises an ion beam for use in a chemically as- 
sisted ion beam etching process to remove the 
mask material and the surface material. 

5. The method of claim 1 , wherein the mask material 25 
comprises a photoresist material. 

6. The method of claim 1 , wherein the mask material 
comprises a dielectric material. 

30 

7. The method of claim 1 , wherein the top surface lay- 
er comprises a piezoelectric layer. 

8. The method of claim 1 , wherein the top surface lay- 
er comprises an electrode layer. 35 

9. The method of claim 1 , wherein the top surface lay- 
er comprises a passivation layer. 


10. The method of claim 1, wherein the bulk acoustic 
wave device comprises a film bulk acoustic wave 
resonator. 

11. The method of claim 1, wherein the bulk acoustic 
wave device comprises a film bulk acoustic wave 
filter. 

12. The method of claim 1, wherein the bulk acoustic 
wave device comprises a stacked crystal filter. 

13. The method of claim 1, wherein the bulk acoustic 
wave device comprises a plurality of individual bulk 
acoustic device chips. 

14. The method of claim 1 , further comprising the step 
of mapping the thickness of the device for determin- 
ing the thickness non-uniformity profile. 


40 


45 


50 


17. The method of claim 1 , wherein the thickness non- 
uniformity profile of the top surface layer comprises 
a plurality of locations at which the top surface layer 
requires thickness adjustment, and the mask has a 
plurality of sections corresponding to said plurality 
of locations, wherein the mask material is selective- 
ly removed at said plurality of sections to provide 
the further non-uniformity profile of the mask. 

18. The method of claim 1 7, wherein the mask material 
is selectively removed at said plurality of sections 
by a laser beam, one section at a time. 

19. A system for tuning a bulk acoustic wave device 
comprising a substrate and a plurality of acoustic 
wave generating and controlling layers formed on 
the substrate, wherein the device has a top surface 
layer made of a surface material and a thickness 
with a thickness non-uniformity profile across the 
top surface layer, and wherein the bulk acoustic 
wave device has an operating frequency, which var- 
ies partly with a thickness of the top surface layer, 
and the operating frequency can be adjusted by ad- 
justing the thickness of the top surface layer through 
a mask made of a mask material provided on top of 
the top surface layer, the system comprises: 

means, positioned above the device, for remov- 
ing the mask material for providing a further 
non-uniformity profile of the mask, partly based 
on the thickness non-uniformity of the top sur- 
face layer; and 

means, positioned above the mask, for provid- 
ing an etching agent over the mask for remov- 
ing the mask material from at least one mask 
area to expose a corresponding surface area 
of the top surface layer to the etching agent, 
and for removing part of the surface material 
from the top surface layer at the exposed sur- 
face area untH a desired thickness of the top 
surface layer is reached, while simultaneously 
removing the mask material to modify the ex- 
posed surface area. 


20. The system of claim 1 9, wherein the mask material 
55 is a photoresist material, said system further com- 
prising a light source for exposing the photoresist 
material, wherein the light source has a non-uni- 
formity intensity profile to control exposure depth of 
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the photoresist material across the device surface. 

21 . The system of claim 1 9, wherein the mask material 
is a photoresist material, said system further com- 
prising a light source for exposing the photoresist s 
material, wherein the photoresist material compris- 
es a light absorbing material to attenuate the light 
source for controlling penetration depth of the light 
source at different locations. 

10 

22. The system of claim 19, wherein the mask material 
is a dielectric material, said system further compris- 
ing a laser beam for removing the dielectric materi- 
al, wherein the laser beam has a non-uniformity in- 
tensity profile to control the removal of the dielectric 
material across the device surface. 

23. The system of claim 1 9, wherein the mask material 
is a dielectric material, said system further compris- 
ing a laser beam for removing the dielectric material 20 
at one location of the mask at a time, and a scanning 
mechanism to move the laser beam in a lateral di- 
rection relative to the device surface to other loca- 
tions. 

23 

24. The system of claim 1 9, wherein the mask material 
is a dielectric material, said system further compris- 
ing a particle source for providing a particle beam 
for removing the dielectric material according to the 
further non-uniformity profile of the mask. 30 

25. The system of claim 1 9, wherein the non-uniformity 
of the top surface layer comprises a plurality of lo- 
cations at which the top surface layer requires thick- 
ness adjustment, and the mask has plurality of sec- 33 
tions corresponding to said plurality of locations, 
said system further comprising a laser beam for se- 
lectively removing the mask material at said plural- 
ity of sections of the mask, one section at a time, 

for providing the further non-uniformity profile of the *o 
mask. 

26. The system of claim 19, further comprising a map- 
ping mechanism for obtaining the non-uniformity 
profile of the top surface layer. 43 

27. The system of claim 19, further comprising a fre- 
quency measurement device for mapping the thick- 
ness non-uniformity profile of the top surface layer. 
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